Context. In the conditions of combined clutter and jamming radar performance is significantly degraded. This is due to the decorrelation of a point source of an active jamming by spatially distributed passive clutter. The methods of forming classified training samples to adjust the weight coefficients of spatial filters are introduced.
NOMENCLATURE
ACF -autocorrelation function; ADC -analog to digital converter; D -divisor; COMP -comparator; AA -adder-accumulator; DR -delay register; B(τ) -correlation function of a random process; c -speed of the electromagnetic wave; Δ D -range resolution of the radar; i -sample number of the received signal; k -number of the phase channel; N -number of Fourier transformation points; n -number of repetition period; p -variable for signal delay; 
INTRODUCTION
The most difficult conditions for a radar system operation are the simultaneous effect of active jamming and passive clutter. As it is known, active masking jamming may have of natural or artificial origin [1] . However, regardless of its origin, it is a point source. Passive clutter is the result in of reflections of the probing signal from the hydrometeors, dipole clouds, and underlying surface [2] . Spatially distributed nature of clutter degrades the spatial correlation for point sources of active masking jamming [3] . This leads to a significant deterioration in the quality of its compensation.
Information on the spatial distribution of hydrometeors in range and altitude of their location from the [4] , gives possibility to assume that the signals reflected from them are non-stationary in time. Non-stationary are also the signals reflected by the underlying surface and chaff clouds [6] . The dimensions of the cloud of one chaff batch in the vertical (horizontal) plane are 0.6 ...1 km in 5 min after the throw and 1.6 ... 2 km in 10 min after the throw [2] . Therefore, we can assume that, taking into consideration real spatial distribution of passive clutter, on the scanning range it is possible to find time intervals to form the classified training samples which related to the active masking jamming [5] . Using classified training samples in spatial signal processing enhances the efficiency of signal processing under the impact of combined clutter that determines the relevance of the topic of this article.
The goal is developing an effective method of forming of classified training samples generated by an active masking jamming, for spatial processing of radar signals in a situation of the clutter influence.
PROBLEM STATEMENT
Optimal signal processing in the conditions of combined interference with the using of adaptive antenna arrays can be provided by joint (non-separable) space-time processing with simultaneous compensation of active (jamming) and passive (clutter) interference. However, its implementation even on the modern element base is extremely difficult [5] . Therefore, during designing modern samples of radar stations, it is necessary to use a separate two-stage signal processing procedure. Possible realizations are space-time or time-space signal processing [6] . In this case, the well-known autocompensators of the interference are used as the adaptation element of the spatial filter [1] . It was noted in [5] that, from the point of view of the possibility of obtaining the classified training samples, spatio-temporal (space-time) processing is preferable. Therefore, we can clarify the problem that will be solved in this article and formulate it as follows. It is necessary to review the existing methods of forming the classified training samples for adapting the weight coefficients of the auto-compensator of interference while spatio-temporal (space-time) signal processing and the structure optimization of the interference classifier.
The main problem to be solved in this work is the development of a new method for classifying the components of the combined interference, which ensures their classification in each element of the range resolution.
LITERATURE REWIEW
When the two-stage space-time signal processing is doing in separated way, the jamming acting on the side lobes of the antenna pattern is compensated firstly by adjusting the weight coefficients of the auto-compensator. Then spectral analysis of signals is performed (DFT based) as temporal processing in modern radar systems:
Further we will assume that the number of probing pulses in the emitted pulses sequence is equal to the number of points of the Fourier transform. An example is an American ASR-9 radar with a number of filter channels, depending on the pulse repetition frequency, equal to 8 or 10 [7] , or the Ukrainian radar station 36D6 [8] , in which 8, 12 or 16 filter channels are realized.
A simplified block diagram of the space-time processing is shown on Fig. 1 .
In accordance with this block diagram, the complex value of the interference at the output of the spatial filter can be written in the following form:
In this case, the complex value of the weight coefficient W in the circuit using the classical Widrow algorithm [9] is defined as .
In [10] , it was proposed to use the time interval which corresponded to the end of the radar range to form the classified training samples when adaptation of the weight coefficients of the auto-compensator of the interference. The duration of the interval t in the expression (4) when forming the weight coefficients is determined by the speed of the auto-compensator for the interference. The proposed technical solution was based on the assumption that the intensity of passive interference decreases substantially with increasing distance. However, in an experiment conducted in polygon conditions, it was determined that for spatially distributed cloud systems of the Cb type [4] , the intensity of passive interference, even at the maximum range, can significantly exceed the noise level of the receiving parts of the radar station. It does not let ensure effective compensation of the active component of the combined interference.
In patents [11, 12] the methods of forming the training samples with real non-stationary nature of clutter in range are introduced. The methods proposed in the patents are based on the posteriori information on the distribution of the passive component of the combined clutter in range. When active jamming and passive clutter act simultaneously, the latter decorrelates the signals from a point source of active clutter. Therefore, in the proposed methods current estimation of the distribution of a normalized coefficient of the inter-channel correlation in range is carried out. In this case it is possible to select the time interval for the forming of the classified training samples with the maximum value of РАДІОЕЛЕКТРОНІКА ТА ТЕЛЕКОМУНІКАЦІЇ the correlation coefficient, which corresponds to the lowest level (or eliminated) of passive clutter.
Absolute value of the normalized inter-channel correlation coefficient | | ρ can be calculated by the method of "sliding window" at intervals which has of m range elements
The number of range elements subject to averaging in the expression (5) is determined by the time of adaptation weight coefficients in a spatial filter.
In the patent [11] with calculating by the expression (5), the value of the normalized coefficient of inter-channel correlation is processed in the threshold device. In this case, if the calculated value of the current distance interval exceeds a threshold, that is corresponds to "no passive clutter", this interval is used as the classified training samples while adapting a spatial filter.
The disadvantage of this method is the use of a threshold device, which does not allow considering in detail the distribution of a normalized correlation coefficient in range, for example, for determining the time interval with a maximum value of the inter-channel correlation.
The patent [12] proposes a method, which provides a more detailed analysis of the distribution of an inter-channel correlation coefficient in range, which is the following. Values calculated by the expression (5) are stored, and at the end of the probe pulse repetition period by comparing all calculated values in the interval with a maximum value of the normalized inter-channel correlation coefficient is determined. In the next repetition period in a given interval the classified training samples for the adaptation of weight coefficients of a spatial filter is formed.
The common disadvantage of both methods is a certain probability of presence in m averaging intervals of some range elements exposed to passive clutter, which defines the limit the possibilities of classification. Therefore, to improve the quality of the clutter classification it is interesting to develop a method for estimation the possible impact of passive clutter on the forming of the classified training samples in each range resolution element.
MATERIALS AND METHODS
There is a theorem of Wiener-Khinchin [13] 
This follows from expressions (6) and (7) that the wider an energy spectrum of a random process is, the shorter is a correlation interval and, accordingly, the more a correlation interval is, the narrower is an energy spectrum of the process.
Given that the correlation function of passive clutter is wider than active noise jamming, it is possible to determine the moment of exposure to passive clutter by the value of the correlation interval.
In Fig. 2 curves R 1 and R 2 show normalized autocorrelation functions (ACF) of active jamming and passive clutter at ratio of the spectral width of five to one, respectively.
A possible solution to this problem can be achieved by the on-the-fly calculation and estimation of the width of the normalized autocorrelation function of combined clutter in each interval ΔD , which determines the range resolution of the radar:
where c is the speed of the electromagnetic wave, i τ -the duration of the probe pulse.
The essence of the proposed method of forming the classified training samples is following. Taking into consideration a sufficiently bigger processing productivity of the existing electronic components, it is possible to form n received signal samples in the interval, which determines the range resolution of the radar ΔD . This allows to calculate the signal autocorrelation function R(р), which normalized to its power [14] , in each element of range resolution.
where i -the sequenced number of the received signal sample, n -the number of them, U i -the signal amplitude in i -samples, р -variable determining a signal delay in the forming of ACF (р=1, …,n). Wherein the time of signal delay ф while calculating the ACF is equal to:
In the future, by comparing the width of the ACF to a threshold the range resolution elements affected by passive clutter are detected and excluded while forming the training samples. This makes it possible to create the classified training samples generated by active clutter only, and be ensured in high quality of the compensation of the latter.
EXPERIMENTS
A functional flow block diagram of the device that implements the proposed method of forming the training samples is shown in Fig. 3 .
For calculating the ACF the envelope of the signal is demodulated, then in each range resolution element the analog to digital converter ADC forms n samples, which, in accordance with formula (10) are delayed in delay registers DR 1 … DR n and then supplied to the first inputs of the multipliers X. To the second inputs of n multipliers X the respective nondelayed samples get directly from the ADC. On the outputs of n multipliers X n products of the numerator of the expression (9) are formed, they accumulate in respective adder-accumulators AA and are fed to first inputs of n divisors D (as a dividend). The signals from the output of the ADC also supplied to both inputs of (n+1)-th multiplier. Squared signal samples in accordance with expression (9) are accumulated in adder AA n+1 and supplied to the second inputs of n divisors D. As a result, on the outputs of n divisors D ACF values of the received signal, normalized according to power (9) will be formed, wherein each calculated value of ACF corresponds to its delay time (10) .
The calculated values of the ACF get to n inputs of the ACF width calculating block, where by means of comparison the sequence number of the p k divider is determined, on the output of which the normalized correlation function is close to some fixed level, e.g., 0.5. Estimated in this way the width of the ACF (p k * i τ /n) is supplied to the comparator COMP. .
The value of the threshold is set so that the probability of exceeding it under the influence of active jamming were small enough. When the threshold is exceeded it is determined that in the given range ΔD (8) , equal to the range resolution element, there is passive clutter. At the same time, on the output of the comparator COMP a logic level, prohibiting the use of this interval to forming the classified training samples is generated.
A significant advantage of the proposed method is the possibility of obtaining the classified training samples of maximum duration. This is achieved by the analysis of the components of combined clutter in each range resolution element.
RESULTS
As a result of the research, a new method of forming the classified training samples using a posteriori information was proposed to form the weight coefficients of the adaptive spatial or polarization filters under conditions of the combined clutter and jamming.
In the known correlation method [12] , a posteriori information is used on the current estimation of the distribution of the normalized inter-channel correlation coefficient at range intervals. In this method, range intervals at which passive interference decorrelates the active noise interference are eliminated from the forming of the training samples. However it is impossible to obtain a time interval of sufficient duration for forming the classified training samples in the lower beams of the radar in complex hydrometeorological conditions and intensive reflections from the underlying surface.
It is possible to classify the components of the combined interference in the proposed method by forming a set of samples in an interval equal to the resolution element, followed by averaging in calculating the width of the normalized ACF. In this case, each resolution element in which there is no passive interference (clutter) can be used to form the classified training samples for generating the weight coefficients of the adaptive filters for suppressing the active component of the combined interference. Figure 4 shows energy "azimuth-range portraits" of reflections obtained in the lower beam of the S-band radar 36D6, which are taken from article [15] . In the near part of the range (up to 100 kilometers) clutter is formed by rereflections from the underlying surface of the earth. Their intensity reaches 50-60 dB. In the middle part of the range (100-150 kilometers) clutter is formed by reflections from rain clouds. It is shown in [16] (by modeling), the compensation of the jamming becomes problematic if the level of jamming is less then level of clutter.
DISCUSSION
An analysis of the given energy characteristics shows that even in the lower beam of the directivity pattern of the antenna at the range coordinate there are small intervals at which clutter is absent or have a much lower intensity. It is obviously, the proposed method makes it possible to generate the classified training samples generated by an active noise interference by using samples from resolution elements, where there is no clutter. 2. The advantage of the proposed method is also the possibility of obtaining the classified training samples with maximum duration. It is achieved by the analysis of the components of combined clutter and jamming in each range resolution element.
3. The practical novelty is in the development of a functional flow block diagram realizing the proposed method.
